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I. INTRODUCTION 

Organophosphates and carbamates are extremely potent inhibitors of 
cholinesterase and certain other esterases. They are commonly active in 
the range 1 0 _ β - 1 0 - 1 0 Μ and are therefore probably some of the most 
active enzyme inhibitors known. Most are effective in vivo as well as 
in vitro and are therefore highly toxic, lethal doses in the range of 0.1 
to 10 mg/kg being common. Consequently the organophosphates have 
been developed extensively as chemical warfare agents (the well-known 
"nerve gases"). Other organophosphates and carbamates have found wide 
use as insecticides, and in some cases are highly toxic to insects but not to 
mammals. Another major claim of the organophosphates to distinction 
is their usefulness in elucidating the structure of the active centers of 
esterases, particularly cholinesterases and chymotrypsin, so that we now 
know more about the molecular structure of the centers in these esterases 
than in any other enzymes. 
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Some of the organophosphates and carbamates show marked selectivity 
toward particular esterases. This property has been used to distinguish 
between esterases, whose characteristic nonspecificity for substrate makes 
it impossible to do more than group them into rough classes, if substrate 
activity is the sole criterion. It has also been used in evaluating the role 
of such enzymes by studying the effect of their drastic inhibition in the 
whole animal and in various nervous tissue preparations. 

Both groups of compounds have been used therapeutically for treat
ment of myasthenia gravis, in relief of intraocular pressure in glaucoma, 
and for relief of abdominal tension. The organophosphates are extremely 
important insecticides, whose estimated world use is $50,000,000 annually 
(1); the carbamates are used far less for this purpose but are increasing 
in importance. The organophosphates are probably the most important 
single class of chemical warfare agents. 

The carbamoyl and alkyl phosphoryl groups occur in other compounds 
whose effects are not due to esterase inhibition, but from space considera
tions such compounds will not be considered here. 

The terms we shall use to describe the various esterases follow. 
(a) Acetylcholinesterase (erythrocyte cholinesterase, true cholinester-

ase): the acetylcholine-hydrolyzing enzyme which is inhibited by excess 
substrate, exhibits maximal activity against acetylcholine, and can hy-
drolyze acetyl-/3-methylcholine (2). This enzyme is present mainly in 
erythrocytes and conductive tissue. I t is vital for nerve transmission. 

(b) Pseudocholinesterase (serum cholinesterase): the acetylcholine-
hydrolyzing enzyme which is not inhibited by excess substrate, and hydro-
lyzes acetyl-/?-methyl choline poorly. This enzyme is present in serum 
and numerous other tissues, such as pancreas. It has no known function 
and may be fully inhibited without ill consequences. 

(c) Aliesterases: enzymes which cannot hydrolyze acetylcholine but 
can hydrolyze simple aliphatic esters (#). Many aliesterases can also 
hydrolyze triglycerides (and might then also be called lipases) and aro
matic esters (and might then also be called aromatic esterases). Their 
normal functions are unknown. 

Other enzymes mentioned (chymotrypsin, trypsin, thrombin, acetyl-
esterase) are sufficiently well defined in standard texts (4). 

The cholinesterases are considered to have two subsites in each active 
center; an anionic site, which binds the quaternary ammonium substituent 
of acetylcholine, and an esteratic site, which binds and then hydrolyzes 
the — C ( 0 ) 0 — group of acetylcholine. I t was originally thought (5) that 
only acetylcholinesterase had an anionic site. Now it seems certain (6) 
that both have anionic sites, but probably acetylcholinesterase has two per 
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esteratic site, pseudocholinesterase only one. Aliesterases and chymotryp-
sin have only an esteratic site. The esteratic sites of all the esterases are 
remarkably similar in their amino acid sequence ( 7 ) . 

The toxicity and antiesterase activity of these two great classes of 
compounds may be comparable, but their detailed mode of action, metabo
lism, and chemical properties are different. We shall therefore discuss 
them separately. 

II. CARBAMATES 

There is an excellent review of the medically useful carbamates (£), 
and there are two for the insecticidal carbamates (9, 9a). In the present 
article, a brief review of properties is given first; a more extensive and 
intensive discussion follows. 

The general formula and some common compounds are given in Table I. 
The detailed structures are very diverse, but most of those commonly 
used as cholinesterase inhibitors have a quaternary nitrogen group, which 
presumably increases the affinity for cholinesterases by binding to the 
anionic site, while the — O C ( O ) — group binds to the esteratic site and is 
the major factor in preventing access of acetylcholine. Those, such as 
eserine, that lack a quaternary group, usually have a basic nitrogen group 
(pKa of 8 or more), so that they are substantially ionized at pH 7. By 
contrast, the insecticidal carbamates are never basic, for ionization re
duces toxicity to most insects. 

Carbamates which are anticholinesterases in vivo are also anticholines
terases in vitro (in contrast to some organophosphates). Those which are 
anticholinesterases in vitro will inhibit mammalian cholinesterases in 
vivo, but will inhibit insect cholinesterase in vivo only if the carbamate 
is un-ionized. 

A. Mechanism of Inhibition 

The kinetics of cholinesterase inhibition by carbamates have been 
exhaustively investigated. Goldstein (10) has pointed out that the precise 
form of the kinetics depends upon the so-called "zone of behavior": in 
zone A, defined as the condition of inhibitor in great excess, the classic 
Michaelis-Menten treatment (11) is adequate. However, in zone C, de
fined as the condition of enzyme in excess, different equations are 
required. Zone Β (intermediate) behavior requires a combination of the 
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T A B L E I 

CARBAMATES: X O C ( 0 ) N R 2 

A. Mainly used as anticholinesterases B. Insecticides' 2 

in vitro (nontoxic to insects) 

O C ( 0 ) N H C H 3 

C H , 

C H 3 C H 3 

Eserine (physostigmine) 

C H 3 

r - O C ( 0 ) N ( C H 3 ) 2 

Y 
C H ( C H 3 ) 2 

Isolan 

2.b 

< ^ ^ - 0 C ( O ) l j i - ^ ^ C I 

N + ( C H 3 ) 3 

N u c 1250 

O C ( Q ) N ( C H 3 ) 2 

Dimetan 

' / \ V _ Y / \ N 

O C ( 0 ) N ( C H 3 ) 2 

N + ( C H 3 ) 3 

N u c 683 

N ^ N ^ O C ( 0 ) N ( C H S ) 2 

Pyrolan 

O C ( 0 ) N ( C H 3 ) 2 

( C H 3 ) 3 N + - ^ _ V > 

Prostigmine (neostigmine) 

8. O C ( 0 ) N H C H 3 

Sevin 

α The insecticidal carbamates are all potent anticholinesterases. 
b Compounds 1, 3, and 4 are selective towards acetylcholinesterase as opposed to 

pseudocholinesterase. The reverse is true of compound 2. 
c Nu is derived from "Nutley". These compounds are made by Hoffman La Roche 

Inc., Nutley, New Jersey. 
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A and C equations. Two important points that emerge from this and a 
preceding paper (12) are that in vitro results may depend upon enzyme 
concentration and that severe errors may be introduced by extrapolating 
from in vitro to in vivo conditions. Goldstein has extended his studies to 
numerous other carbamates (13). His results have been corrected to con
form with more accurate steady-state kinetics by Myers (14)· 

Carbamates inhibit cholinesterase competitively and reversibly; the 
inhibition may therefore be reduced by washing (15), dialysis (18,16,17), 
or dilution (10), or addition of substrate (10, 18). Nevertheless, equilib
rium with the enzyme is not immediate; the time depends on the nature 
and concentration of the inhibitor. Wilson (18) estimated a time of 63 
seconds for electric eel cholinesterase with 9 Χ 1 0 ~ 7 Μ prostigmine at 
25°. Goldstein (18) found that prostigmine was the slowest of three 
carbamates, Nu 1250 was faster, and Nu 585 ( I ) , fastest, reaching equi

librium after 1 hour at 0°. Myers (14) found that N u 683 took 50-60 
minutes to equilibrate at 37.5°; Matthes (16) found that eserine took 
more than 15 minutes to equilibrate at room temperature. 

In the presence of substrate, much longer times are required for equilib
rium, e.g., 50 minutes for 5 Χ 1 0 ~ 8 Μ eserine with red cell cholinesterase 
and 3 Χ ΙΟ" 3 Μ acetylcholine at 37° (19). 

The dissociation time for the enzyme-inhibitor complex is also slow, but 
in this case it is independent of the carbamate concentration used for 
inhibition. Wilson (18) reports a half-life of about 7 minutes at 25° for 
prostigmine and electric eel cholinesterase. Cohen et al. (20) have empha
sized the slowness of reactivation by dialysis or substrate addition. 

In many cases a true equilibrium is never observed; the inhibition 
increases first and decreases thereafter. This phenomenon is caused by 
enzymic degradation of the carbamate. This was particularly evident with 
dimethylcarbamoyl fluoride, whose maximum inhibition of brain cholin
esterase in vitro was reached at 30 minutes (21). This finding is, however, 
not in accord with that of Augustinsson et al. (22), who found for this 
compound that inhibition of cholinesterase was the same with 6 or 180 
minutes, incubation without substrate; it reacted progressively with bu-
tyrylcholinesterase. This topic is expanded below under the heading 
"metabolism." 

(I) 

(CH a ) 3 NCH 2 CH 2 OC(Q)<^_^>OC(0)N(CH3) 2 
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It seems, therefore, that the carbamates act less as "true" inhibitors 
than as alternative substrates with very low turnover numbers (13, 14, 
21). For N u 683 with pseudocholinesterase, Myers (14) found that the 
rate of combination with the enzyme was about one-quarter of that for 
acetylcholine, and the rate of dissociation with hydrolysis was less than 
1 0 ~ 6 times that for acetylcholine. There was negligible dissociation with
out hydrolysis. 

However, the fact that the carbamates are alternative substrates still 
leaves two possibilities: (a) The inhibited enzyme might be a complex of 
enzyme with the whole carbamate molecule, whose subsequent hydrolysis 
constituted reversal of inhibiton. This hydrolysis could perhaps involve 
transient carbamoylation of the esteratic site, (b) The inhibited enzyme 
might be that with its esteratic site carbamoylated, and reversal of in
hibition might involve hydrolysis of the carbamoylated enzyme. This case 
would be strictly analogous to that of the organophosphates, which give a 
relatively stable phosphorylated enzyme. 

Although mechanism (b) has been favored in the past for the cases of 
a prostigmine analogue (14) and carbamoyl fluorides (21), recent workers 
have suggested that (a) is correct, principally because cholinesterase 
inhibition by O-phenyl carbamates is worsened by electrophilic phenyl 
substituents rather than improved, as is the case for organophosphates 
and as is to be expected if carbamoylation (which would involve an elec
trophilic attack on the enzyme) were the rate-controlling step (28, 24)-
This argument presupposes an identical mechanism for carbamoylation 
and phosphorylation. Very recent work of Wilson et al. (24a) strongly 
suggests that (b) is correct, for the reactivation rates of the inhibited 
enzymes are found to depend only upon the nature of the iV-substituents; 
thus, dimethylcarbamoyl choline and dimethylcarbamoyl fluoride gave 
the same inhibited enzyme, presumably the dimethylcarbamoylated 
cholinesterase. 

There is good evidence that the carbamates of type A in Table I are 
bound initially both to the esteratic and anionic sites of cholinesterase 
(18, 25), in contrast to most organophosphates, which attack only the 
esteratic site, and the noncarbamate alkaloids, such as methylene blue and 
atropine, which combine only with the anionic site (18). Presumably, the 
carbamoyl groups bind to the esteratic site, and the quaternary (or pro-
tonated tertiary) nitrogen to the anionic site. I t would be most interesting 
to know if compounds of type Β in Table I bind only to the esteratic site. 
The single piece of relevant evidence suggests that inhibition involves 
binding to both sites; for chymotrypsin, which has an esteratic site very 
like that of the cholinesterases [in its amino acid sequence and its sus-
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ceptibility to organophosphates (7, 27) ] but lacks an anionic site, is not 
inhibited by type Β carbamates (26). 

If type Β compounds do bind to the anionic site, it is presumably by 
van der Waals* forces [as has been discussed by Bergmann (28, 29) for 
other compounds]. Since these forces depend upon a close fit of inhibitor 
with enzyme, it is possible that very precise structure-activity relations 
may exist in this group of carbamates. 

B. Selective Enzyme Inhibition 

Eserine and prostigmine have long been used as selective inhibitors of 
cholinesterases as against aliesterase (3, 30, 31). A discriminating con
centration is Ι Ο - 6 Μ in the case of eserine; this is stated (32) to inhibit 
almost completely both acetyl- and pseudocholinesterase, with little or no 
effect on aliesterase. Yet some cholinesterases, such as those of Planaria 
(a flatworm) and frog brain, are relatively insensitive to eserine (33), as 
Table II demonstrates. The Planaria enzyme is unusual in other ways: 
it hydrolyzes acetylcholine 16.5 times faster than acetyl-yS-methylcholine, 
whereas the corresponding figure for dog brain is 3. I t is also % as sensi
tive to protigmine and %ooo a s sensitive to N u 489 (II) as the dog brain 
enzyme. 

T A B L E II 

SELECTIVITY OF ESERINE" 

Inhibition of acetylcholine hydrolysis 

Human 
Concentration Frog Dog erythro Dog Human 

of eserine Planaria brain brain cytes pancreas serum 

m (%) (%) (%) (%) (%) (%) 

10"7 0 0 88 94 95 92 
10" 6 70 47 98 100 100 100 

5 Χ 10" 6 89 — 100 100 100 100 
10~ 6 95 75 — — — — 

« Data of Hawkins and Mendel (88). 

^ X . O C ( 0 ) N ( C H 3 ) a 

CH 2 NH 2 

(ID 
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However, some carbamates are potent inhibitors of aliesterase. Stedman 
and Stedman in 1931 (34) showed that 12 compounds of the general type 
(III) inhibited liver aliesterase by up to 64% at 4 X 1 0 ~ 7 M. 

N u 683 was used as a selective inhibitor of pseudocholinesterase by 
Hawkins and Gunter (35). For human tissues in vitro, Ι Ο - 8 Μ Nu 683 
inhibited serum pseudocholinesterase 92%, erythrocyte acetylcholinester
ase not at all. Dog serum enzyme was less sensitive; 2.5 Χ Ι Ο - 8 Μ Nu 683 
inhibited it 55% and had no effect on the erythrocyte enzyme. Similar 
results were found in vivo; 0.06 mg/kg in a dog inhibited the serum 
enzyme 94% within 10 minutes when the erythrocyte enzyme was only 
32% inhibited. No symptoms were observed. 

The use of Nu 1250 as a selective inhibitor of true cholinesterase was 
proposed by Hawkins and Mendel (36). Its selectivity in vitro depended 
upon the species, the ratio of sensitivities of erythrocyte acetylcholin
esterase to serum pseudocholinesterase being 1000 for man, 20 in the dog, 
and 5 in the horse. With human enzymes, 1 0 - 6 Μ Nu 1250 inhibited 96% 
of the erythrocyte cholinesterase and only 16% of serum cholinesterase. 
Similar effects were found in vivo, e.g., 0.4 mg/kg in rats inhibited 87% 
of the erythrocyte and 15% of the serum enzyme. The authors used this 
finding to show the unimportance of the serum enzyme, for signs of 
acetylcholine poisoning appeared only when the acetylcholinesterase was 
inhibited, and in spite of an almost unchanged pseudocholinesterase level. 
Casier and Vleeschouwer (37), working with the dog, claim precisely 
opposite results! A dose of 0.4 mg/kg gave total inhibition of the serum 
enzyme without affecting the erythrocyte enzyme; this was shown both 
with titrimetric and manometric techniques. Similar findings were made 
in vitro: 1 0 ~ 5 Μ N u 1250 inhibited pseudocholinesterase 100%, yet had 
no effect on erythrocyte cholinesterase. Koelle (38) has reported briefly 
that Nu 1250 (and also Nu 683) "did not exhibit the marked selectivity 
against the enzymes of the cat which has been reported for certain other 
species." Thus, although the assumption seems general that Nu 1250 is a 
selective inhibitor of true cholinesterase, results may be highly dependent 
upon species. 

Two other cases of striking selectivity were reported by Casida et al. 
(26): (IV) and (V) were respectively 300 times and more than 90,000 

R 

(ΠΙ) 
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times more effective against acetylcholinesterase (from electric eel) than 
against pseudocholinesterase (human serum). 

In spite of the traditional use of carbamates to inhibit cholinesterases 
rather than aliesterase, the results of Myers et al. (39) include 11 car
bamates, all either iV-phenyl or O-phenyl, which are little better against 
rat brain cholinesterase than rat brain aliesterase; and in every case they 
are much more potent against mycobacterial aliesterases than against 
brain cholinesterase, the maximal selectivity being over 800,000-fold. 

C H 2 — C H 2 

C H 2 jsrcioo 
iso - C 3 H 7 N H C ( 0 ) 0 ( ^ ~ ~ ^ N 0 2 C H 2 — C H 2 

(TV) (V) 

Compounds of type Β (Table I) have an extremely interesting selec
tivity that may be absent in type A compounds (40). As Table III 

T A B L E III 

SELECTIVITY OF DIMETAN, PYROLAN, AND E S E R I N E 0 ' 6 

Enzyme Dimetan Pyrolan Eserine 

Acetylcholinesterase 2.0 X 10~ 4 1.2 Χ 10" 6 6.7 X 10~7 

Pseudocholinesterase 1.6 Χ ΙΟ"6 6.1 Χ 10"7 2.8 Χ 10"7 

Panparnit esterase 4.5 Χ ΙΟ"8 3.6 Χ 10"9 3 Χ 10" 6 

Novocaine esterase 7.5 Χ 10" 6 2.0 Χ 10"7 1.5 Χ 10"7 

β Figures are ho's (molar concentration for 50% inhibition). 
6 Data of Pulver and Domenjoz (40) . 

shows, their greatest activity is against esterases that hydrolyze the anti-
Parkinsonianism agent panparnit (VI) and the local anesthetic Novo
caine or procaine (VII) . 

C H 9 — C H 2 

/ ° \ H 2 N (/ \ \ c ( 0 ) O C H 2 C H 2 N ( C 2 H 5 ) 2 

C ( 0 ) O C H 2 C H 2 N ( C 2 H 5 ) 2 W 

(v i ) ( vn ) 
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C. Metabolism 

Remarkably few studies have been concerned with the metabolism of 
carbamates. There is general agreement that cholinesterases degrade 
carbamates, as first reported in 1936 for prostigmine (17) and in 1943 for 
eserine (41). The reaction is often very slow; in the case of eserine and 
prostigmine the rate of hydrolysis by pseudocholinesterase preparations 
was about 10~~7 times that of acetylcholine. There was good evidence that 
it was the cholinesterase itself that caused the hydrolysis (21). For 
Nu 683, Myers reported the rate constant of hydrolysis of the enzyme-
inhibitor complex as 0.0115 m i n - 1 at 38° for human serum cholinesterase 
(14). 

However, these early studies must be treated with suspicion in the light 
of work described below, showing that other enzymes are in some cases 
responsible for the hydrolysis. Only in the case cited above as having 
"good evidence" was an attempt made to show that no other plasma 
constituent was responsible. 

The hydrolysis of dimethylcarbamoyl fluoride by 16 rabbit tissues was 
studied by Augustinsson and Casida (42). Plasma was the most effective. 
Of 10 vertebrates studied, rabbit had the most effective plasma. Electro-
phoretic fractionation of rabbit plasma suggested that the enzyme in
volved (which was distinct from cholinesterase) was an aromatic esterase 
which also hydrolyzed diisopropyl phosphorofluoridate ( D F P ) . However, 
the rabbit liver and kidney enzymes did not hydrolyze D F P . These find
ings make it unlikely that the reported rapid degradation of dimethyl
carbamoyl fluoride by rat tissues (21) was due to cholinesterase, as the 
author had suggested. 

The hydrolysis of Sevin was similarly examined (4$) in 17 rabbit 
tissues and in plasmas from 15 species. Plasma was the most effective 
rabbit tissue, and the pig and rabbit had the most active plasma. In this 
case, however, electrophoresis revealed that the albumin fraction con
tained the activity, and the aromatic esterase and cholinesterase were 
inactive. The same was true for p-nitrophenyl iV-alkylcarbamates (26). 
However, the iV-methylated carbamoyl cholines were completely un
affected by plasma arylesterase, butyrylcholinesterase, cholinesterase, 
or albumin, even after 2 weeks' incubation (22)! 

In insects, degradation has been reported only for Pyrolan by the 
cockroach. Bio-assay of the blood of treated cockroach indicated com
plete removal in 1 hour (44)· 

D. Toxicity 

The carbamates with anticholinesterase activity appear to fall into two 
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T A B L E IV 

SELECTIVE TOXICITY OF CARBAMATES 0 

L D 5 o to LD50 to 
Carbamate mice or rats 6 houseflies 

( A ) Ionized or ionizable 
Eserine 0 .8 200 
Prostigmine 0 .4 — 
Nu 1250 0 .3 590 
Nu 683 1.0 560 

(B) Not ionized or ionizable 
Isolan 54 0 .4 
Dimstilan 35 0.1 
Pyrolan 62 2 .3 
Sevin 2000 2 .6 

α From Eldefrawi et al. (45), O'Brien and Fisher (46), and Spector (47). 
6 LD 6 0 for ( A ) are to mice, intraperitoneal; for (B) to rats, oral. 

well-defined groups, as shown in Table IV. Those which are ionic or 
strongly basic are very toxic to mammals but almost completely ineffec
tive against insects. Those which are not ionic or ionizable may have good 
insect toxicity and are often less toxic to mammals than to insects. 

Ionization has important effects upon several properties. Stevens and 
Beutel (48) examined the effect of quaternarization of bases of the 
prostigmine type in which the position of the dimethylamino group was 
either ortho or para, and the ring was alkylated in various ways. In all 12 
cases, quarternarization greatly increased mouse toxicity, the range being 
8-220-fold (but prostigmine itself, and the very different carbamate 
eserine, were only little better in the quarternarized than in the tertiary 
form). I t seems very probable that this increased toxicity is due to im
proved anticholinesterase activity, due to better binding to the anionic 
site. This has been shown for the N-methyl analogue of prostigmine, 
whose quaternary form is a 500 times better anticholinesterase than its 
tertiary form (23). 

However, insect toxicity is greatly decreased by quarternarization. For 
instance, although the iV-methyl analogue of prostigmine is a better anti
cholinesterase than its tertiary form, it is 40 times less toxic to thrips 
(23). Brown et al. (49) found that five ionic prostigmine-like compounds, 
which had toxicities to mammals of the order of 0.2 mg/kg (50) had 
negligible toxicity to the four insect species tested. This dramatic influence 
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of ionization is attributable to the insects having all its cholinergic sites 
protected against ions; the central nervous system is protected (51, 52) 
as in mammals, and in the insect the neuromuscular junction (presuma
bly the target for ionic anticholinesterases in mammals) is not cholinergic 

Ionization is of importance in determining other properties of carba
mates; for instance, eserine can block axonic transmission, prostigmine 
cannot (55). This may at first seem surprising in view of the fact that 
eserine, with its pKa of 8.0, is 90% ionized at pH 7. However, even if 
one had a completely ion-excluding membrane protecting a system, and 
if the agent were 99.9% ionized, equal concentration would eventually 
be achieved on both sides of the membrane. But a quarternarized salt has 
no free base form with which to be in equilibrium. Structures such as 
R 4 N—OH do not exist, contrary to the drawings in many textbooks, for 
nitrogen cannot form five covalent bonds (56). Consequently an ideal 
ion-excluding membrane would completely protect against quaternary 
salts. 

The data on structure-activity relationships (including pharmacological 
and toxicological results) in medicinal-type carbamates is extensive, 
dating back to 1926. Fortunately, the data have been tabulated and fully 
reviewed (8), so in this article only a few comments about toxicity are 
required, with emphasis on the relationship to cholinesterase structure. 

For mammalian toxicity, the work of Stevens and Beutel (48) on 
prostigmine analogues showed that in p-trimethylammoniumphenyl 
iV-dimethylcarbamates almost any alkyl substituent in the ring greatly 
increased toxicity, the most effective being ra-isopropyl (VIII) . 

The L D 5 0 of the nonalkylated compound was 120, and the L D 5 0 of 
(VIII) was 0.075 mg/kg to mice, subcutaneous. Now a number of pieces 
of evidence suggest that if groups X and Y are meta substituted and X 
binds to the esteratic site, then Y is optimally located for the anionic site. 
Does the isopropyl group in (VIII) bind to the anionic site? If so, does 
one need the quaternary nitrogen at all? The answer to the second ques
tion is probably yes, for as mentioned above, quarternarization of the 

(Β3,δ4). 

iso-C 3H 7 

(vin) 
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tertiary derivatives of such compounds almost invariably increases tox
icity profoundly. The possibility exists that the two substituents bind to 
the two anionic sites which Bergmann considers acetylcholinesterase to 
have (7, 28). 

However, in a study by Haworth et al. (50) on a closely related group 
of compounds, the position of the substituents was not critical; for in
stance, (IX) and (X) were equally toxic (0.16 and 0.17 mg/kg, mice, 

subcutaneous). The only critical factor was that a large substituent 
(e.g. isopropyl) should not be put in the ortho position. A smaller one 
(e.g. ethyl) was permissible; presumably, the large substituent hinders 
sterically the attachment of the carbamoyl group to the esteratic site. 

Haworth et al. have also examined (57) analogues of carbamoyl 
choline (Doryl) , but none was more toxic than the Doryl itself. 

The importance of the substitution on the carbamoyl nitrogen has been 
briefly studied. In prostigmine derivatives, the monomethyl and dimethyl 
substituents were equally good, and much better than the unsubstituted 
form (50). These two substitution types are by far the commonest both 
in the pharmacological and insecticidal carbamates. 

Let us now consider the insecticidal action of carbamates. 
Metcal fs group (23, 58) has made and studied 73 substituted phenyl 

carbamates, including iV-methyl, iV-ethyl, iV-benzyl, and iV-phenyl de
rivatives (only the iV-methyl compounds were effective). Their first series 
of 49 compounds included no alkoxyphenyl compounds. For this series 
they concluded that there was a direct relationship between toxicity to 
thrips and anticholinesterase activity, with the exception that ionic com
pounds were inactive, as discussed above. However, examination of their 
housefly-toxicity data reveals no such correlation; for instance, (XI) was 
7 times more toxic to houseflies then ( X I I ) , yet it was 100 times less 
effective than (XII) against housefly cholinesterase. A similar failure of 
correlation was found by Casida (26) for 25 carbamates of varied par
entage. Metcal fs second group (24 compounds) included only alkoxy
phenyl carbamates (58). Once again a poor correlation was found, but 
in this case a convincing reason was offered; those compounds which are 

C H 3 

(IX) (X) 
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ISO-C3H7 

CH 3 NHC(0)0 

CH s NHC(0)O 

CH 3 

(XI) (XII) 

nontoxic in spite of good anticholinesterase activity are rapidly degraded 
in the insect. The evidence was that when 5 compounds of similar anti
cholinesterase activity, but widely varying (36-fold) in housefly toxicity, 
were applied along with the synergist piperonyl butoxide (XIII) the 
range of synergized toxicity was only fourfold. The assumption (which 
has yet to be proved) was that the synergist acted by blocking degrada
tion, which was important only in the compounds of low toxicity. 

With respect to thrips toxicity Kolbezen et al. {23) found iV-methyl-
carbamates were most active. The m-terί-butylphenyl was the best com
pound, being toxic at 0.8 ppm, yet the p-£er£-butylphenyl was ineffective 
at 1000 ppm. The o-£er£-butylphenyl was about half as good as the meta. 
All the good compounds contained either alkyl or dimethylamino sub
stituents either in the ortho or meta position, and apparently the alkyl 
group had to be larger than ethyl. I t is interesting that ieri-butyl was 
better than dimethylamino; perhaps this is because the methyl groups in 
£er£-butyl resemble sterically those in acetylcholine. If this is true there 
must be van der Waals' binding of these alkyl groups to the enzyme, 
possibly at or near the anionic site. It may be that some or all of the 
affinity of cholinesterase for the tetrasubstituted nitrogen of acetylcholine 
is due to van der Waals' binding of its substituents rather than coulombic 
attraction for the N + . 

In general, the alkoxyphenyl compounds were better against houseflies 
than the alkylphenyl, although nearly all were very poor. The best was 
(XIV) , with an L D 5 0 of 6.5 mg/kg. Several of the alkoxyphenyl com
pounds were good against Culex mosquito larvae, giving 50% kill at less 
than 1 ppm. 

(XIII) 
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OCH 3 

C H 3 N H C ( 0 ) 0 ^ ^ \ 

0 - i s o - C 3 H 7 

(XIV) 

For 9 substituted phenyl iV-methylcarbamates, Kolbezen et al. (23) 
found that thrips toxicity was roughly proportional to hydrolytic sta
bility. With houseflies, inspection of their data suggests this not to be the 
case, nor could Casida et al. (26) observe such a relationship for their 
compounds. 

The data of Roan and Maeda (59) for five pyrazolyl carbamates 
against three fruit flies show little correlation (a) for any one species 
between anticholinesterase activity and toxicity or (b) for any one com
pound between selective toxicity and selective anticholinesterase activity. 
Nor could ionization account for the marked differences in toxicity. Dif
ferences in degradation may well be involved. 

The toxicity to insects of carbamates is synergized by a variety of 
agents, many of which have no toxic action of their own. Examples are 
Lilly 18947 (2,4-dichloro-6-phenylphenoxyethyldiethylamine) (60) and 
various methylenedioxyphenyl compounds, such as piperonyl butoxide 
(XIII) (58, 61, 62). The mechanism is obscure, but is probably not due 
to improved penetration (61). Moorefield (62) points out that since such 
compounds can synergize so many diverse insecticides (pyrethrins, phos
phates, carbamates, chlorinated hydrocarbons, etc.), an interference with 
detoxification is not an attractive hypothesis. However, Metcal fs obser
vations, given above, rather suggest such an interference. 

I t has been reported that houseflies can develop resistance to the 
carbamate Sevin (61). 

There have been numerous reviews of these compounds within recent 
years (9a, 63-66) and four books (67-69a). 

Table V shows some representative structures. We shall use the term 
"organophosphates" to apply to all these compounds, and the terms 
"phosphate," "phosphorothionate," with the meanings shown in Table V, 
when more precise description is needed. The majority of organophos
phates have the general formula (XV) . Usually the side group X is rather 

III. ORGANOPHOSPHATES 
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(R0 2 )P(0 or S ) X 
( X V ) 

electrophilic, or else can bind to the anionic site. The term "latent inhibi
tors" means that the pure compounds are not effective inhibitors in vitro, 
but are converted to potent inhibitors ("activated") in the animal body. 

T A B L E V 

ORGANOPHOSPHATES 0' 5- 0^ 

(A) Direct inhibitors of cholinesterase 

A L Phosphates ( R O ) 2 P ( 0 ) X 

1. (C2H50)2P(0)SCH2CH2N(C2H5)2 

Amiton 

4. (CH 30) 2P(0)OC==CH—COOCH 3 

CH 3 

Phosdrin 

2. ( iso-C 3 H 7 0) 2 P(0)F 

DFP 
5. ( C 2 H 5 0 ) 2 P ( 0 ) O P ( 0 ) ( O C 2 H 5 ) 2 

Τ Ε Ρ Ρ 

3. (C 2 H 5 0) 2 P(0)C N 0 2 

Paraoxon 

R O 

A I L Phosphonates ^P(0)X 
/ 

R 

6. iso-C 2 H 5 0 
\ 

F P(0)F 

CH 3 

Sarin ( G B ) 

7. ( C H 3 ) 3 N + C H 2 C H 2 0 

CH 3 

P(0)F 

Cholinyl methylphosphono-
fluoridate 

( B ) Latent inhibitors of cholinesterase 

B I . Phosphorothionates (RO) 2P(S)X and phosphonothionates RO 
N x p ( S ) x 
/ 

R 
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8. (C 2H 50) 2P(S)OCH 2CH 2SC 2H 5 12. (C 2 H 5 0) 2 P(S)0 

Demeton, thiono isomer Parathion 

CI 

9. (C 2H sO) 2P(S)0 — | ^ N < ^ — i s o - C 3 H 7 13. (CH 3 0) 2 P(S)o/ / y C l 

CH 3 

Diazinon Ronnel 

1 0 . 1 4 . C 2 H S O / . 
Np(s)o(/ \ ) N O 2 

( C H 3 0 ) 2 P ( S ) S C H 2 C ( 0 ) N H C H 3 / \ _ / 

Dimethoate E P N 

11. (CH 30) 2P(S)SCHC(0)OC 2H 5 

CHaCiOOCjft 

Malathion 

BII. Phosphoramidates 

15. [(CH 3) 2N] 2P(0)F 17. [(CH 3) 2N] 2P(0)OP(0)[N(CH 3) 2] 2 

Dimefox Schradan 

16. Ο ^ Ο 
^ P i O C N 

( C H 3 ) 2 N / 

Tabun 

° Compounds 2, 6, 7, and 16 are potential warfare agents (they are too hazardous 
to use as insecticides). 

6 Compounds 3, 4, 5, 8,12,15, and 17 are insecticides which are also toxic to mammals. 
c Compounds 9, 10, 11, and 13 are insecticides of low toxicity to mammals. 
d Compound 1 is toxic to mites and mammals but to very few insects. 

T A B L E V (Continued) 
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Α. Mechanism of Inhibition 

It is universally agreed that the organophosphates inhibit cholin
esterases and several other esterases by phosphorylating their active 
(esteratic) site. The question of whether histidine or serine is phos-
phorylated will be discussed in Section III , E. 

Some of the evidence for phosphorylation follows: (a) When chymo-
trypsin is inhibited by ( R O ) 2 P ( 0 ) X , 1 mole of H X appears for every 
active site that is phosphorylated, suggesting the mechanism shown in 
Eq. (1). 

ChE—Η + (RO) 2 P(0)X -» ChE—P(0)(RO) 2 + HX (1) 

This has been shown for D F P (70), T E P P (71), and paraoxon 
(b) The characteristics of the inhibited cholinesterase depend only upon 
the nature of R and are independent of X (73). (c) The energy of 
activation of the inhibitory reaction is appropriate for a chemical reaction 
(74, 75). (d) The kinetics of inhibition are appropriate for a simple 
bimolecular reaction (76). 

Some of the consequences of this mechanism are as follows. The inhibi
tion is progressive; the longer the inhibitor is in contact, the greater the 
inhibition. If the inhibitor is in excess, the kinetics are simple first-order 
[Eq. (2) ] , where k is the first-order rate constant, t is the time of incuba-

2 .303 , 100 

* = Ί Γ ΐ 0 ! ξ - ρ ( 2 ) 

tion, I the molar inhibitor concentration, and Ρ the per cent activity at 
time t (76). 

Although the potency of the organophosphates is most accurately de
scribed by the antiesterase rate constant k, it is commonly described by 
the I50, which is the molar concentration of organophosphate to inhibit 
the enzyme 50%, or by the p / 5 0 , which is the negative logarithm of the J 5 0 

(e.g., an 7 5 0 of 1 0 ~ 3 is the same as a p / 5 0 of 3 ) . For the I50 or p / 5 0 to be 
meaningful, the time of incubation must be known, for the relation 
between k and 7 5 0 , as derived from the previous equation for Ρ = 50, is 
given by Eq. (3). 

* - ? f S ( 3 , 
-150 

These two equations are inapplicable at extremely low 7 5 0

, s where 
inhibitor and enzyme are at comparable concentrations. A more compli-
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ι 
CH 3 

(XVI) 

However, an even better reactivator is the more recently developed 
bispyridinium oxime (XVII ) , which is up to 22 times more potent than 
2-PAM (81, 82). Numerous other oximes have been investigated, in-

C H = N — OH C H = N - O H 

CH 2 CH 2 CH 2 

(XVII) 

eluding those with such attractive names as Μ Ι Ν Α (monoisonitroso-
acetone), D I N A (diisonitrosoacetone), and D A M (diacetyl monoxime). 

cated second-order equation must then be used if a rate constant is 
required (67). 

The inhibition is relatively irreversible; that is to say, in most cases 
little reversal occurs within a few hours at room temperature. Dialysis 
and washing are without effect. However, reactivation of the enzyme does 
occur slowly, due to hydrolysis of the phosphorylated enzyme, which 
restores the uninhibited enzyme. The rate of this spontaneous reactiva
tion depends only on the alkyl substituents of the organophosphate and 
on the enzyme. For rabbit erythrocyte cholinesterase, Aldridge (77) found 
half-lives at 37° and pH 8 of 1.3 hours for dimethyl phosphates and 
22 hours for diethyl phosphates. Diisopropyl phosphorylated cholinester
ase recovered hardly at all. For other cholinesterases quite different 
results have been reported (75, 78, 79), except that all agree that the 
diisopropyl phosphorylated enzyme does not recover spontaneously. 

The recovery can be greatly speeded up by the presence of various 
nucleophilic agents. Probably the best known reactivator is pyridine-2-
aldoxime methiodide or 2-PAM [the iodide of ( X V I ) ] , whose excellence 
is reputed to be due to the fact that it has a nucleophilic oxime group, 
which attacks the phosphorylated esteratic site, at precisely the right 
distance from a quarternary ammonium group, which increases the affinity 
of the 2-PAM for the enzyme by binding to the anionic site (80). 
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Although these compounds have proved valuable in studying the kinetics 
of reactivation (83, 84), their principle use has been as antagonists to 
organophosphate poisoning (85, 86), a, topic which will not be dealt with 
here. 

These reactivating agents are effective against most forms of phos-
phorylated cholinesterase, including the diisopropyl phosphorylated one, 
which is not reactivated spontaneously. However, there is evidence (87) 
that 2-PAM cannot reactivate cholinesterase inhibited by the activated 
form of schradan, hydroxymethylschradan (88), or that inhibited by 
cholinyl methylphosphonofluoridate (89) (Table V, 8) . In this second case 
it seems probable that the phosphorylated enzyme has its anionic site 
blocked by the cholinyl moiety, so that 2-PAM loses what Wilson calls 
the "promoting" effect of its binding to that site (90). 

The researches on induced reactivation by hydroxylamine and oximes 
led to the discovery of the phenomenon of "aging." It was first observed 
by Hobbiger (91) that freshly inhibited cholinesterase could be almost 
completely reactivated by appropriate agents, but that if the inhibited 
enzyme was allowed to stand, it became progressively less capable of 
reactivation. Aging is thus defined as the change of the enzyme from a re-
activatable to an unreactivatable form. Hobbiger (91) and Jandorf et al. 
(92) attributed this aging to transphosphorylation; it fitted well into the 
then current view that histidine was the first amino acid in the esteratic 
site to be phosphorylated, and subsequently the dialkyl phosphoryl group 
was transferred to serine. However, recent studies (27, 93, 94) have 
convincingly shown for pseudocholinesterase that the serine is initially 
dialkyl phosphorylated, and that aging is caused by monodealkylation 
[Eq. ( 4 ) ] . This has yet to be proved for acetylcholinesterase, but it is 

Ο Ο OH 
II 11/ 

ChE—Ρ (OR)2 -> ChE—Ρ (4) 
\ 

OR 

significant to note that chymotrypsin, trypsin, and horse liver aliesterase 
do not show aging or monodealkylation, whereas pseudocholinesterase 
shows both. It therefore seems most probable that acetylcholinesterase, 
which shows aging, will also be shown to be monodealkylated. 

B. Selective Enzyme Inhibition 

Generally speaking, the organophosphates are effective against a wide 
range of esterases, including the cholinesterases, trypsin, chymotrypsin, 
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aliesterases, and thrombin. However, many organophosphates show suffi
cient variations in their efficiency against different esterases that they 
may be used for selective inhibition, both in vivo and in vitro. 

Table VI shows data for 10 compounds which distinguish between 
pseudo- and acetylcholinesterase. It is noteworthy that the selectivity 
depends a good deal upon enzyme source. This is dramatically illustrated 
by Table VII, which gives extensive data for two particularly useful 
selective inhibitors; for example, iso-OMPA (XVIII) has an 11,300-fold 
selectivity between the two cholinesterases for the horse, but only 56-fold 
for the human. 

iso—C 3H 7NH Ο Ο NH—iso—C 3H 7 

\ II II / 
ρ—ο—Ρ 

/ \ 
iso—C 3H 7NH NH—iso—C 3H 7 

(XVIII) 

In histochemical studies, Koelle (38) has successfully used D F P to 
inhibit pseudocholinesterase while leaving the acetylcholinesterase intact. 
However, it has been pointed out (82) that D F P is by no means specific 
for pseudocholinesterase, and certain aliesterases, e.g., the ethyl chloro-
acetate-hydrolyzing enzyme of rat plasma, are very sensitive to it. 

Myers et al. (39) studied 34 organophosphates in an attempt to find 
one that would distinguish clearly between cholinesterase and aliesterase. 
Of these, 5 showed a hundredfold selectivity or better, the best being 
O-p-nitrophenyl 0 , iV-diphenyl phosphoramidate (XIX) which was 1000 

(XIX) 

times more potent against the aliesterase (tributyrin as substrate) than 
against the cholinesterase of rat brain. Of the well-known compounds, 
T E P P showed distinct selectivity, being 200 times more potent against 
the cholinesterase than the aliesterase. However, Stegwee (95) has re-
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ported that housefly aliesterase and cholinesterase are identically sensi
tive to TEPP. 

Tris(o-cresyl) phosphate or TOCP (XX) has found use in distinguish
ing between aliesterases and cholinesterases. For housefly enzymes, 
Stegwee (95) found that in vitro 2.5 Χ 1 0 ~ 5 Μ TOCP inhibited 50% of 
the aliesterase, but none of the cholinesterase. Similar results were ob
served in vivo. However, Myers and Mendel (32) point out that some 
aliesterases (e.g., rat brain tributyrinase) are quite insensitive to TOCP. 
Table VIII shows that in human and rabbit it is strongly selective for 
pseudocholinesterase. Table VIII also shows the marked variation in 

T A B L E VIII 

EFFECT OF T O C P in vitro ON ESTERASES 0 

Inhibition caused by 1.8 Χ 1 0 " 4 Μ T O C P 

Brain acetyl- Brain pseudo- Brain 
cholinesterase cholinesterase tributyrinase 

Species (%) (%) (%) 

Human 9 9 1 2 1 
Rabbit 1 8 4 9 2 4 
Chicken 1 3 3 — 
Rat — 9 — 

° Data of Earl and Thompson (95a). 

sensitivity with species; the pseudocholinesterase of the rat is far less 
sensitive than that of the human. It should be borne in mind that the 
potency of TOCP in vitro is due to an impurity, for purified TOCP is an 
extremely weak inhibitor in vitro, but is converted to a potent one in vivo 
(96)—probably a hydroxylated and cyclized derivative (96a). 

(XX) 
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A good example of the use of organophosphates to distinguish esterases 
other than cholinesterases has been the case of serum enzymes {96b, 97, 
98). The following have been demonstrated: 

Α-esterase: not inhibited by paraoxon or D F P , hydrolyzes phenyl 
acetate and paraoxon. 

B-esterase: inhibited by paraoxon and D F P , hydrolyzes phenyl acetate. 
C-esterase: not inhibited by D F P , does not hydrolyze D F P , hydrolyzes 

p-nitrophenyl acetate and aliphatic esters (e.g., propyl acetate). 
D-esterase: like C-esterase, but does not hydrolyze aliphatic esters and 

is more sensitive to p-chloromercuribenzoate. 
Paraoxonase: hydrolyzes p-nitrophenyl acetate, paraoxon, D F P , but 

not phenyl acetate or TEPP. 
DFPase: hydrolyzes D F P , tabun and possibly TEPP, but not paraoxon. 
Myers {99) was able to distinguish the esterases of rat brain and pan

creas, using paraoxon and diisopropyl p-nitrophenyl phosphate ( D I N P ) . 
In pancreas three aliesterases were found: (a) one responsible for all 
tributyrin hydrolysis, 17% of ethyl butyrate hydrolysis, and 1% of 
phenyl butyrate hydrolysis; insensitive to D I N P , sensitive to paraoxon; 
(b) one responsible for 99% of the phenyl butyrate hydrolysis and 83% 
of the ethyl butyrate hydrolysis, sensitive to D I N P and paraoxon; and 
(c) an esterase, probably cholesterolesterase, hydrolyzing amino acid 
esters, insensitive to D I N P and paraoxon. 

In brain, Myers {99), who had previously (21) found only one tribu-
tyrin-hydrolyzing enzyme when attempting discrimination with paraoxon, 
TEPP, or dimethylcarbamoyl fluoride, later found three: (a) a lipase, 
totally inhibited by 5 Χ Ι Ο - 6 Μ D I N P , which could hydrolyze both 
triacetin and tributyrin; (b) a DINP-resistant tributyrinase, sensitive to 
alkali (i.e., pH 10.5 for 30 minutes); and (c) a DINP-resistant triace-
tinase, insensitive to alkali. 

Myers (99) and Aldridge (100) have very useful discussions on the 
problems associated with the use of organophosphates to distinguish 
between esterases. 

C. Metabolism 

This topic is so extensive that the present discussion must be abbrevi
ated to a short summary of the reactions. An extensive discussion of 
in vivo and in vitro results has been given by O'Brien (67). 

The reactions may be divided conveniently into activating reactions, 
restricted to compounds of class Β in Table V, which increase antienzyme 
potency, and degrading reactions, which reduce potency. Usually the 
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potency is increased or reduced by between 1 0 3 and 1 0 6 times by such 
reactions. 

1. ACTIVATING R E A C T I O N S 

In order for the phosphorus of an organophosphate to attack the 
esteratic site, it must be somewhat electrophilic, i.e., attracted to a rela
tively negative site. Activating reactions are usually those which increase 
the positivity or "electrophilicity" of the phosphorus; for example, the 
Ρ in P = 0 is more electrophilic than in P = S , due to the greater electron-
withdrawing power of Ο than S. 

a. Phosphorothionates. Virtually every phosphorothionate is oxidized 
to its phosphate in vivo by vertebrates and insects (101-105) and by ap
propriately fortified preparations of liver microsomes in vitro (106-107). 

(RO) 2P(S)X (RO) 2 P(0)X (5) 

The importance of this reaction was not evident until it was shown in 1 9 5 1 
(108) that the apparently high anticholinesterase activity of parathion 
was attributable to an impurity, the S-ethyl isomer, which is present in all 
but carefully purified samples. Isomerization is usual in all phosphoro-
thionates; it occurs on storage and is accelerated by heat and ultraviolet 
light. 

b. Phosphoramidates. For schradan it has been established that the 
activation, which has been shown in vitro (109-111) and is implied 
in vivo (because only thus can one explain the inhibited cholinesterase 
found in schradan poisoning) consists of oxidation to the hydroxymethyl 
derivative (XXI) (88,112), not the ΛΓ-oxide, as had been thought earlier 
(113, 114)- Only one of the eight methyl groups is oxidized in this way. 
The same compound is produced by vertebrates, plants, and insects. The 

CH,OH 
/ 

(CH 3) 2N Ο O N 
\ l l 11/ \ ρ—ο—Ρ CH 8 

/ \ 
(CH 3) 2N N(CH 3 ) 2 

(XXI) 
in vitro system which accomplishes this oxidation is apparently identical 
with the one mentioned above, which oxidizes phosphorothionates. 

Dimefox is also activated (115,116), and the product appears precisely 
analogous to that of schradan (117) and is therefore probably the corre
sponding hydroxymethyl derivative. 
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c. Thioethers. These compounds may be oxidized to their sulfoxides and 
sulfones. Thus, for the thiono isomer of Demeton one could have (XXII) 
(the sulfoxide) and (XXIII ) (the sulfone). In view of the fact that 

Ο 
Τ 

(E 2HsO) 2P(S)OCH 2CH 2SC2H5 
(XXII) 

ο 
ί 

(C 2H 60) 2P(S)OCH 2CH 2SC 2H5 
i 

Ο 
(XXIII) 

Demeton normally contains both the above thiono isomer and thiolo 
isomer ( C 2 H 5 0 ) 2 P ( O ) S — , and that the thiono isomer can also be oxidized 
at its P(S) group, it is clear that numerous metabolites can result, the 
maximum number of activation products being nine. Many such oxida
tions have been shown for Demeton in the mouse (104) and in plants 
[118-120), and for Thimet (XXIV) in plants (121). 

(C2H5o)2P(S)SCH2SC2H5 

(XXIV) 

In plants the principle metabolite of Thimet appears to be the dithio-
sulfoxide 1 (in cotton) or dithiosulfone (in alfalfa), although the most 
potent anticholinesterase is the fully oxidized thiolosulfone. 

d. Tris(o-cresyl) Phosphate (TOCP). This compound ( X X ) was for 
years believed to be directly active as an anticholinesterase. However, in 
1 9 5 4 Aldridge (122) showed conclusively that it required activation and 
that pure TOCP was a poor anticholinesterase in vitro. The nature of the 
activation product has never been shown, although Myers et al. (128) 
have suggested, by analogy with the metabolism of m-dichlorobenzene 
and o-tolylurea, that it is the p-hydroxylated derivative or some meta
bolite of it. Recently Eto et al. (96a) have shown that it is a cyclized 
hydroxymethyl derivative. 

2 . D E G R A D I N G R E A C T I O N S 

Just as metabolic reactions which enhance the positivity of the phos
phorus increase its antiesterase activity, the opposite can occur. The com
monest degradative reactions are hydrolytic, and in effect introduce an 
anion into the molecule which in turn renders the phosphorus less positive. 

1 The "dithio" prefix refers only to the sulfurs attached to phosphorus. 
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In another case the degradation is reductive; the electrophilic p-nitro-
phenol group is converted to the nucleophilic p-aminophenol, with the 
same end effect. 

a. Phosphatases. We shall use this term to cover enzymic hydrolysis 
of any phosphorus ester or anhydride when it occurs at Ρ—Ο—C or 
P — s — c . 

These phosphatases have usually been named after their substrates. 
There are DFPase, tabunase, sarinase, and paroxonase. However, there is 
ample overlap in activity of these various phosphatases. Purified DFPase 
hydrolyzed 10 other organophosphates of the 12 tested {124); purified 
paraoxonase hydrolyzed also D F P and tabun, but not T E P P (125); 
sarinase and tabunase may be identical (126-127). In other words "Xase" 
is an enzyme—or in some cases a group of enzymes—which has activity 
towards X, but usually to several other organophosphates as well. It is to 
be assumed that these enzymes also have less exotic substrates. Thus, 
Mounter (128) suggested that hog kidney DFPase was in fact an amino 
acid acylase, although later work (124) has tended to disprove his 
hypothesis. 

In the case of DFPase, and probably of the other phosphatases, there 
are several enzymes in any one animal. The hog and rat had at least 
three, one in kidney and two in liver, which were distinguishable on the 
basis of their behavior toward Co++, M n + + , and histidine, and their 
relative activities toward D F P and its dibutyl analogue (129). 

In general, the liver is the most active source of these phosphatases 
(ISO, 181), but not in the case of tabunase, for which spleen is most 
potent (182). Species variation is enormous; for instance, rabbit serum 
has 50 times more paraoxon-hydrolyzing activity then mouse serum 
(131). Liver and blood are likely to be particularly important because 
an organophosphate will usually have maximal exposure to these tissues. 
The importance of these degrading enzymes has been shown by experi
ments in which slow injection of phosphates greatly reduced their toxicity 
(183) and others in which levels of sarinase in the liver (but not the 
blood) of rabbits were directly related to susceptibility to sarin (134). 

b. Carboxyesterases and Carboxyamidases. Most organophosphates 
which contain carboxyester or carboxyamide groups are hydrolyzed in 
mammals more readily at these groups than by phosphatases. An excep
tion is phosdrin (Table V, 4 ) , according to in vivo and in vitro evidence 
in cows and humans (185). For malathion (Table V, 11) it has been 
clearly shown in vitro and in vivo that in mammals the principle degrada
tion is at the carboxy ester, although in insects phosphatase cleavage is 
more important [Eq. (6 ) ] (102,186). 
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mammals 
(CH 30) 2P(S;SCHCOOC 2H 5 (CH 30) 2P(S)SCHCOOC 2H 5 

CH>COOC2H5 CH2COOH 

insects 
(6) 

(CH 30) 2P(S)OH 

In fact the low toxicity of malathion to mammals has been attributed 
to this effective carboxy ester cleavage (102, 137). The carboxyesterase 
and carboxyamidase are inhibited in vivo and in vitro by E P N , TOCP, 
and other compounds, and as a result these compounds show marked 
synergism with malathion and other carboxy esters and carboxyamides, 
such as acethion and dimethoate (138-142). 

All carboxy ester-containing phosphates are degraded by phosphatase 
action as well as carboxyesterase action (102, 141) 14%)· I t is therefore 
undesirable to use terms such as "malathionase" for the mixed enzyme 
system (138, 144) · Main and Braid (144&) have recently purified the 
liver enzyme which hydrolyzes one carboxy ester group of malathion; 
it is an aliesterase. 

c. Oxidative Degradation. I t has been shown in the case of Amiton 
(Table V) that it is degraded by substantially the same oxidative system 
of fortified liver microsomes which accomplishes the oxidation of phos-
phorothionates and phosphoramidates (145). The nature of this degrada
tion is unknown. 

d. Reductive Degradation. Parathion is very toxic to most vertebrates 
as well as insects, in spite of the widespread occurrence of enzymes in 
their bodies capable of destroying the activation product, paraoxon. How
ever, the cow is remarkably insensitive to parathion (146). This has been 
shown to be due in part to the ability of microorganisms to reduce para
thion and paraoxon to their amino derivatives [Eq. ( 7 ) ] , which are very 
poor anticholinesterases (101,147)- However, as the microorganisms were 

(7) 
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also vigorous in degrading parathion hydrolytically {101), it is not easy 
to affirm the importance of the reduction in reducing toxicity. 

D. Toxicity 

With a number of exceptions discussed later, the organophosphates tend 
to be toxic to vertebrates and insects. As far as the mammal is concerned, 
the toxic compounds fall roughly into two groups. First, there are those 
which attack only the esteratic site, such as TEPP, D F P , and paraoxon. 
Such compounds seldom have a toxicity below 0 . 5 mg/kg, and, in fact, 
those used as insecticides seldom have mammalian toxicity below 1 - 5 
mg/kg, even by the intraperitoneal route (usually toxicities decrease with 
route according to the following order, to which there are, however, a 
number of exceptions: intravenous > intraperitoneal = inhalation > 
subcutaneous > oral = cutaneous). However, numerous compounds 
which contain strategically located quaternary or basic tertiary nitrogen 
groups can be expected to have their esteratic attack promoted by con
current binding to the anionic site. Consequently, their mammalian toxici
ties are substantially higher, figures of 0 . 0 1 - 0 . 0 5 mg/kg being common. 

For L D 5 0 values of most organophosphates the reader is referred to 
Holmstedt (65) and Negherbon (148). 

The organophosphates present numerous interesting cases of selective 
toxicity; for instance, malathion is a useful insecticide, but an adult 
human would have to consume some 1 5 0 gm of it if he wished to kill him
self. D F P is a warfare agent with an L D 5 0 to the mouse of 4 mg/kg, yet 
its L D 5 0 to the toad is 1 4 5 0 mg/kg (149). In many cases these selectivi-
ties may be satisfactorily explained on one or more of the following 
grounds. 

1. M E T A B O L I S M 

There is evidence that the low toxicity of malathion (102), Diazinon, 
dimethoate, and acethion (103) to mammals, as compared to insects, is 
due to rapid degradation in the mammal. The low toxicity of D F P to the 
toad has been tentatively attributed to rapid degradation in the blood 
(149). 

2 . P E N E T R A T I O N 

It has been pointed out in the section above on carbamate toxicity 
(Section II, D ) that ionized anticholinesterases have negligible toxicity 
to most insects. This is equally true for the organophosphates; for in-
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stance, the toxicity ratio, mouse/housefly for Amiton oxalate (Table V, 1 ) 
was 2 4 0 0 (52) and for Ro 3 0 4 1 2 ( X X V ) , 2 7 0 (46). Nevertheless, such 

ionized compounds may be effective towards certain insects, such as 
aphids and thrips, and also to mites (150, 151). 

Schradan has a toxicity pattern quite like the ionized compounds, and 
its activation product also fails to penetrate the central nervous system 
of nonsusceptible insects (152). This effect may be connected with the 
failure of phosphoramidates in general to penetrate the central nervous 
system of mammals (153). Recent work by Saito (154, 155) has shown 
that activated schradan successfully penetrates the nervous system of 
schradan-susceptible insects, which have relatively flimsy nerve sheaths. 

A difference in integument penetration has been shown to account for 
the eightfold difference in toxicity of malathion to the American and 
German cockroaches (102). 

3 . T A R G E T E N Z Y M E 

It is still generally believed that the primary target for organophos-
phate attack is cholinesterase, in both insects and mammals. Any differ
ences in cholinesterase between species should be reflected in correspond
ing toxicity differences. So far such cases have been few. Diisopropyl 
p-nitrophenyl phosphorothionate was 2 5 0 times more toxic to the housefly 
than to the bee, and 1 0 0 0 times more potent against housefly cholines
terase (156). D D V P (XXI) was 8 3 times more toxic to the housefly than 
the mouse, and 1 0 0 times more potent against housefly cholinesterase 
(157). D F P was 3 6 0 times more toxic to the mouse than the toad, and 
1 0 0 times more potent against mouse cholinesterase (149). 

E. Use in Elucidating Enzyme Structure 

One of the most valuable contributions that the organophosphates have 
made to biochemistry has been in the elucidation of the structure of the 
active sites of esterases. A fine recent review by Cohen et al. (27) makes 
it unnecessary to do more here than sketch out the principles involved. 

N + ( C H 3 ) 3 

(XXV) 
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Use is made of the fact that organophosphates are highly specific phos-
phorylators of the esteratic site of numerous esterases. To increase this 
specificity, Cohen et al. (159) began by phosphorylating with unlabeled 
D F P in the presence of a large excess of butyrylcholine. By this means 
they phosphorylated available sites not in the active centers. Then, after 
dialytic removal of the D F P and substrate, D F P 3 2 was used to label the 
esteratic sites. However, this phosphorylation of "surplus" sites appears 
not to have been used by others, nor in later work of this group (27). 
Other workers have used C 1 4 -labeled D F P in some cases (160), and sarin-
P 3 2 has also been employed (161). 

After reaction with the labeled organophosphate, the enzyme is de
graded, the fragments are separated chromatographically, and further 
analysis is carried out on the fragments bearing the label. For the degra
dation, boiling HC1 was first used (159,161), but later workers have used 
crude mixed (162) or purified (160) proteolytic enzymes. 

Such studies have now been carried out for chymotrypsin, trypsin, 
thrombin, liver aliesterase, and pseudocholinesterase. In the first three 
cases, the sequence asparagine-serine-glycine has been found. In the 
second two, glutamine-serine and perhaps glutamine-serine-alanine were 
found. In all 5 cases the serine was phosphorylated (27). 

B y such techniques one can of course only find the identity of the phos
phorylated amino acid and those attached directly to it. Other amino 
acids, which by virtue of the secondary or tertiary structure of the native 
protein may be in proximity to the phosphorylated amino acid and may 
make a vital contribution to the properties of the active center, will not be 
detected. 
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